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Preface

At first examination, the results presented at the PE Workshop II and documented in
these proceedings are biased! Indeed, the criticism can easily be made that all but a few
of the presenters “fine-tuned” their models to get the best answer. After all, they were
provided with the available reference solutions several weeks before the workshop was
held. Given a thorough knowledge of a model’s strengths and limitations, plus a good
knowledge of the physics of underwater acoustic propagation, any expert modeler
could “tune” his or her model so that it could closely match the reference answers.

We agree with this criticism, for it embodied the precise philosophy we wished to
adopt. We sought from the expert modelers the answers to two questions: Using your
insight and in-depth knowledge of a particular computer model and the physical
situation to be modeled, what is the greatest accuracy that you can attain with this
particular model? What techniques, choices of parameters, etc., did you employ in
getting the “fine-tuned” answer, and why did you make these choices?

By studying the examples presented in these proceedings, the less-than-expert model
user may be better equipped to select an appropriate model for a particular problem and
to apply it, as did these experts, so that the best possible answer can be obtained.
Understanding the limitations of a model (as well as its capabilities) and fine-tuning it
to the problem at hand is what constitutes the “art of model application.” Very few
underwater acoustic models can be “black-boxed” so that a novice can use the model
and always get the best answer for that model. Indeed, even for an expert, many
variations of the same problem may be required to obtain a “sensible/meaningful”
solution.

A model that one would like to “black-box,” namely, Navy Standard PE, was included
in this workshop. The modelers who applied Navy Standard PE were expert in its
application and limitations, but their application of the model remained within the
capability of any knowledgeable user, i.e., with few exceptions, no special
modifications or parameter selections were made—just the application of the model.
Its performance on the workshop test problems could be considered (1) remarkably
“good,” considering that it is an applications-operations model (rather than a research
model); or (2) remarkably “bad,” if one requires precise agreement with the reference
solutions—the level of performance is often determined by the expectations of the user.

Selecting a particular model, applying it in a knowledgeable fashion, and interpreting
its predictions within the model’s domain of validity constitute the “science of model
application.” Successful underwater acoustic modeling often blends both the science
and the art ot modeling. We hope that these proceedings will serve the underwater
acoustic modeling community by providing a foundation upon which to make
knowledgeable choices, and by providing benchmark problems and solutions against
which new underwater acoustic models may be tested.
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Summary

Perhaps the most important and encouraging results of this PE Workshop were that
underwater acoustic parabolic equation (PE) models from both the 6.1 basic research
modeling community and the 6.3 Navy operational modeling community were applied
to the same set of test problems—each test problem designed to push the PE models to
their limits—and each of the two communities’ PE models did extremely well, given
the requirements and constraints imposed by each community. The PE models
developed by the 6.1 basic research modeling community were able to produce results
for the test case problems that were benchmark accurate. This is a definite requirement,
since the basic research community uses these models to identify, to isolate, and to
understand the physical mechanisms involved in underwater acoustic propagation and
scattering in highly complex underwater environments. The 6.3 Navy operational
community is also interested in accurate model predictions, but the need for
computational speed, portability, and the ability to run a computer in the field (micro
or desk-top) is also of utmost importance—to the extent that trade-offs among
accuracy, speed, and portability must be optimized. The results from this workshop
demonstrate that the underwater acoustic PE models used by both modeling
communities are performing at their expected levels.

The PE approximation to the elliptic wave equation was first introduced into the
underwater acoustic propagation community in 1973 by Hardin and Tappert at a Navy
workshop sponsored by the Acoustic Environment Support Detachment (AESD).
Following that introduction, other researchers began to use the PE approximation and
to extend its limits.

In 1981 a workshop solely devoted to the PE approach to modeling underwater acoustic
propagation was sponsored by the Long Range Acoustic Propagation Program, now the
ASW Environmental Acoustic Support (AEAS) Program. It was hosted by the Naval
Ocean Research and Development Activity, now part of the Naval Research Laboratory
(NRL). The objectives of that first PE workshop were threefold:

¢ provide a forum for those active in theoretical and applied PE model development
to exchange ideas, describe their PE models, identify problems or deficiencies in the
PE approach, and stimulate new ideas and approaches.

* compare model results for a set of common underwater acoustic problems.

* provide the AEAS program with information on the current state of PE computer
models; using this information, make decisions for developing a Navy-supported PE
model that could meet the needs of the AEAS program.

The first workshop was a success. The Navy-supported PE model efforts evolved into
the present Navy Standard PE model. Although the first PE workshop was sponsored
by the Navy’s 6.3 Applications Program, the results of that workshop have been
extremely useful to both the basic research and the applications communities.

Since the first PE workshop, there has been a virtual explosion of developments in the
underwater acoustics PE community, as well as in the supporting technologies of
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Summary

computer science and environmental data basing. The synergy among these
technologies have produced underwater acoustic calculations that are more accurate
and faster than thought possible in 1981.

The progress in underwater propagation modeling, especially in advancing the
PE approach, gave impetus for holding a second PE Workshop. It was decided that this
PE Workshop II would not be restricted to just the PE technique; the discussion of other
innovative techniques would also be encouraged. The workshop was to be highly
technical and interactive. Invited participation was restricted to those who would
actively participate in the workshop presentations and discussions.

The initial announcement of PE Workshop II was made on 6 September 1990, and
suggestions for test cases were solicited from the underwater acoustics community.
After assimilating the test case suggestions, a letter was sent on 18 January 1991
defining the test cases that would be used for the workshop. To many, the use of test
cases would seem to indicate a competition among the many different PE approaches.
Nothing could have been farther from the intention of the workshop organizers. It was
their intent to make the results of the workshop as meaningful to the underwater
acoustic community as possible. In this spirit the workshop would be noncompetitive,
i.e., it would not be a “bake-off” among PE models. The best possible result from each
model was the objective. When available, benchmark reference solutions of each test
problem were provided to each participant prior to the workshop. A set of reference
solutions was forwarded to all invited participants on 23 April 1991. To further
enhance a noncompetitive spirit, the participants were encouraged to rework the
problems based on what they had learned during the workshop, and then submit their
final manuscripts.

The PE Workshop II was divided into two parts. The first part was for presentations by
the participants on either the PE approach that they used or some other innovative
approach that might be applicable or of interest to the underwater acoustics
community. The second part was for comparisons and discussions of the test cases.
Each part of the workshop was designed to be very informal. Each test case was
introduced and, if available, a reference solution was presented. Then anyone that
wished could show their PE model results. All results were compared to each other and
to the reference results. This comparison process went smoothly, assisted by the use of
a standard plot scale that had been designated for each test case. The test cases were as
follows:

Test Case 1: Lloyd’s Mirror — Wide-Angle Propagation

Test Case 2: Conservation of Energy in Range-Dependent Propagation

Test Case 3: Range-Dependent Shear Wave Propagation

Test Case 4. Backscatter from a Waveguide Discontinuity

Test Case 5: Propagation in Constantly Changing Environment

Test Case 6: Underwater Acoustic Model Predictions vs. Measured Field Data
Test Case 7: Long-Range Propagation in a Leaky Surface Duct

The results from the PE Workshop II indicate that present PE models can solve several
difficult underwater acoustic problems (e.g., highly range-dependent propagation over
shear-supporting ocean bottoms, including backscatter). The models were exercised by
experts in acoustic modeling (in most cases, by the model developers). Indications are
that many of the models and techniques demonstrated during the workshop can be
utilized in 6.3 operational situations by operators other than the model developers.
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PART 1 PE WORKSHOP 11

Editors’ Note: These proceedings are divided into three parts. Part 1 gives the
historical details of the workshop, the thinking that went into the development of the
test cases, the seven test cases as presented to the participants, the agenda that the
workshop followed, and representative results for each of the test cases. It is,
therefore, the programmatic part of the proceedings with a summary of the results.

Part 2 gives the results presented for each test case. Part 2 stands alone as a
reference source for the underwater acoustics community. Each test case problem is
described in detail with an accompanying figure; the primary physical mechanism
that is to be modeled is presented with an accompanying rationale. Finally, each of
the results presented for that test case is plotted along with a reference solution (when
available); noteworthy comments on the results are then offered. Results shown in
Part 2 represent predictions from such a cross section of PE models—research
models and field operational models—as to render meaningless any attempts at
absolute comparisons. And, such comparisons would be contrary to the intent and
spirit of the workshop.

Part 3 of the proceedings contains the contributed papers from the workshop
participants. It is a most valuable part of the proceedings and should not be neglected
in lieu of the results that appear in Part 2. These papers are a valuable adjunct to the
results presented in Part 2. They contain the theoretical framework associated with a
particular PE model, in-depth discussions of results, and the particulars of how the
model was applied to a particular test case problem. In addition, the papers provide
the comprehensive list of references associated with a particular PE model. In several
cases, the papers represent the first results of a new PE model development—
application, e.g., the backscatter capability of the PE model.

INTRODUCTION

The history of the PE application to the underwater acoustics propagation problem
began when the approach was introduced to the acoustics community by Hardin and
Tappert (1973) at an AESD workshop on non-ray-tracing techniques (Spofford 1973).
Following the introduction of the method, a significant amount of work was done by
the underwater acoustics community to establish the limits of validity and utility of
the model.

PE Workshop 11 1




PE Workshop II: Part 1

In March 1981 a workshop (Davis et al. 1982) on the PE approach to underwater
acoustics propagation was held. The objectives of that workshop were threefold:

* provide a forum for those active in theoretical and applied PE development to
exchange ideas, describe their PE computer programs, identify problems or
deficiencies in the PE approach, and stimulate new ideas and approaches;

* compare computer results (solutions) for a common set of chosen underwater
acoustics problems; and

¢ provide guidance (via this new information) upon which the AEAS program office
could base decisions as to the development of a Navy-supported PE model that could
meet the needs of that program.

These objectives were met. Results from the PE workshop were used to define and
emphasize the areas in the PE approach where further research was needed. That
eventually led to a version of the PE model being selected by the U. S. Navy as a
standard range-dependent propagation model.

The first PE Workshop was organized into two parts: the first half of the workshop
was devoted to formal presentations on developments and improvements to the
PE approach; the second half of the workshop was devoted to the comparison of PE
model predictions against a set of four test cases.

Following the first workshop there was a virtual explosion of developments in the
field of PE modeling. Great strides were made in extending the areas of applicability
of the approach to different environments and conditions. A useful bibliography of
these advances in the PE method can be compiled from the references included in the
papers in Part 3 of these proceedings.

Bcecause of the large body of work that has been done on the PE method in the past
decade it was decided to hold a second workshop. This second PE workshop (PE
Workshop II) was jointly sponsored by two divisions of the Office of Naval Research:
one responsible for basic research (designated by the U.S. Navy as 6.1) and the other
responsible for applied research (designated by the U.S. Navy as 6.3). NRL was
invited to host the second workshop.

An organizing group was put together consisting of Stanley A. Chin-Bing and David
B. King of NRL; James A. Davis of Planning Systems, Incorporated; and Richard B.
Evans of Science Applications International Corporation. This group, in consultation
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PE Workshop II: Part 1

with the ONR sponsors, Ed Chaika and Marshall Orr, developed the philosophy of the
workshop: the workshop would be highly technical, interactive, and focused. To
accomplish this goal, workshop participation was limited to those 6.1 and 6.3
researchers who had actually developed underwater PE models and to those
6.3 researchers who were directly related in the model development and/or
improvement of Navy PE operational models.

A further restriction on workshop participation was made by the sponsors’ choice of
the physical phenomena to be emphasized in this workshop, viz, underwater acoustic
propagation and backscatter. The related subject of underwater acoustic rough-surface
scattering, incorporated with PE methods, is large enough to warrant a workshop
devoted singly to that subject. With the expectation that such a workshop would soon
occur, the general topic of underwater acoustic scattering was minimized in this work-
shop.

The announcement of the workshop was made on 6 September 1990 to the acoustics
community at large. The announcement also solicited suggestions as to meaningful
test cases that might challenge the state-of-the-art PE models and their developers.
After reviewing all suggestions, a letter was sent on 18 January 1991, defining the six
test cases that would be studied during the workshop. (These test cases are detailed in
Appendix A.)

The use of test cases in a PE workshop environment conjures thoughts of competition
among the many different PE approaches. However, this was not to be the situation in
PE Workshop II. From the beginning it was planned to make the workshop as
meaningful to the underwater acoustics community as possible. In this spirit, the
workshop was designed to be noncompetitive, i.e., it would not be a “bake-off”
between PE models.

The objective was to obtain the best possible result from each model. Each participant
was encouraged to fine-tune their results as much as they desired. It was recognized
that no one model would be able to do all of the problems without a significant effort
on the part of the developer. With the noncompetitive spirit in mind, benchmark
results to several of the test problems were provided to each participant prior to the
workshop. Unfortunately, reference solutions were not generated for all of the test
cases. The available reference solutions were forwarded to the participants on 23
April 1991.

Since the workshop was meant to be noncompetitive, the model developers were
encouraged to go back after the workshop and “fine-tune” their results based on what they

PE Workshop Il 3




PE Workshop II: Part 1

learned during the workshop. Some of the modelers took advantage of this offer and were
able to generate better results after the workshop’s conclusion. Other modelers chose not
to avail themselves of the opportunity for one reason or another. For example, the custodian
of the Navy Standard PE model felt that the model results without the advantage of “fine-
tuning” would be more representative of an operational model. Comparison of results at the
workshop did identify some deficiencies in the Navy Standard PE model (e.g., in the
starting field used by the model). These deficiencies were corrected in the later versions of
the model. Test case results from the later version of the Navy Standard PE model are
included in these proceedings, since these results now reflect the operational model’s
capabilities.

The PE Workshop II was organized into two sections. The first section, covering the
first day and half of the second day, was devoted to formal presentations of papers.
The topics were varied. Participants had been invited to contribute a paper either on
some new development in PE modeling or on another innovative approach applicable
to underwater acoustic modeling. Authors had been especially encouraged to discuss
their models, both in theory and in application. However, they were free to present
any material that they felt was germane to the workshop objectives. This unstructured
format produced some valuable papers that went beyond the theory—application of a
particular model.

Some members of the modeling community were unable to attend due to other
commitments, but they still wished to have their work represented in the workshop. In some
cases they desired to have a formal paper included in the workshop proceedings; in other
cases they wanted the workshop proceedings to include the results of their model’s
application to the test cases. In all respects, where appropriate, they were accommodated.
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I Workshop Agenda

Table 1-1 lists the 14 papers presented at the workshop in the order in which they
were given. Unrestricted discussion time was given at the conclusion of each paper so
that the chronology indicated in Table 1-1 represents the scheduled time, not the
actual time, that a paper was presented and/or concluded.

Manuscripts contributed by the presenters are included in Part 3 of this report. In
some cases the authors decided to combine two of their presentations into one paper.
In a few cases presentations were given for which the authors did not specifically
include that material in their manuscripts. However, all of their important results
are included in Part 2 and in their papers in Part 3.

The second part of the workshop was devoted to discussions of the test cases. Each
test case was introduced along with the rationale for its selection. If available, a
reference solution to the test case was presented which adhered to a specified plot
scale. (In the letter that defined the test cases {see Appendix A}, a plot scale had been
specified for each test case. This information had been provided to each participant
prior to the beginning of the workshop.) Thus, anyone who had a solution to a test
case problem that they wished to present was asked to overlay their results on the
reference solution. (A similar format is followed in Part 2 of this proceedings where
each contributor’s result is plotted over the reference solution.) This comparison
process produced very open discussions and allowed all results to be compared
against the reference solution and against one another.

“Reference solutions” were just what the terminology implies; i.e., they were
solutions to the test cases provided by the organizing committee and were used as a
common reference to compare with the various PE solutions. With the exception of
Test Case 1, where an analytic image solution to the Lloyd’s Mirror problem was
used, all of the reference solutions were numerical solutions obtained from
underwater acoustic computer models whose accuracy had been established over
many years of peer reviewed applications. As an example, the COUPLE model (Evans
1983) has been accepted as “benchmark accurate” (Felsen 1990; Jensen and Ferla
1990) and it was used where applicable (e.g., Test Cases 2 and 4). Test Case 3
required an accurate solution that included range-dependent shear waves and the SAFE
model (Murphy and Chin-Bing 1991} was used to calculate the reference solution.
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Table 1-1. PE Workshop Il Agenda

MONDAY, MAY 6, 1991

(77 P REGISTRATION (Foiday T, Sidel L1
— TUESDAY, MAY 7, 1991 I

8:30 AM | WELCOME ADDRESSES E. D. Charka, James Matthews
9:00 AM ] History of PE Fred D. Tappert
9:30 AM | Application of the IFD Model Ding Lee
10:00 AM | FEPE and FEPES Benchmark Solutions Michael D. Collins
10:30 AM BREAK
11:00 AM | A Finite-Difference/Split-Step Acoustic PE Code David J. Thomson
11:30 AM | Finite-Difference Elastic-Acoustic PE Codes for Layered Media | Gary H. Brooke
NOON LUNCH

PE Il Workshop Contributions

Finn Jensen, M. Porter, C. Ferla

FASTPE SLOWPE YOURPE MIPE: What are the Real Issues?

Lan Nghiem-Phu

Navy Standard PE

Eleanor Holmes, Laurie Gainey

BREAK

Windowed Transformation and Marching Algorithms for Local-
ized Phase~Space Representations

B. Z Steinberg, J. J. McCoy

3:30 PM | Handling Backscatter by a Marching Program Ding Lee, Don St. Mary

4:00 PM [ Full-Wave 3-D Modeling of Long-Range Oceanic Boundary | Fred D. Tappert
Reverberation

5:00 PM ADJOURN

7:00 PM | Dinner at Doug's Restaurant (Slidell, LA)

o I YT~ TP =t ¥ ¥~~~ e |

WEDNESDAY, MAY 8, 1991
8:30 AM | Impedance Boundary Gondition as Applied to PE John S. Papadakis
9:00 AM | Post-PE Corrections David J. Thomson
9:30 AM BREAK

Test Case 1 - Comparison of Results, Discussions

Full Audience Participation

11:00 AM | Test Case 2 — Comparison of Results, Discussions Full Audience Participation
NOON LUNCH
1:30 PM | Test Case 3 -~ Comparison of Results, Discussions Full Audience Participation
2:30 PM | Test Case 4 — Comparison of Results, Discussions Full Audience Participation
3:30 PM | Test Case 5 — Comparison of Results, Discussions Full Audience Participation
4:30 PM ADJOURN

THURSDAY, MAY 9, 1991

8:30 AM | Test Case 6 — Comparison of Results, Discussions Full Audience Participation

9:30 AM | Ray Methods in Underwater Acoustic Propagation-Scattering | H. Weinberg
10:00 AM BREAK
10:30 AM | Test Case 7 - Comparison of Results, Discussions Full Audience Participation

11:15 AM

Discussions, Workshop Conclusion

NOON

ADJOURN
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For Test Case 6 the reference solution was experimental data (Fisher et al. 1989). In a
few cases, the participants provided their own test case reference solutions (e.g., the
SNAP model was used by Jensen to generate the reference solution for Test Case 7).
The reference solutions are given in tabular form in Appendix B.

When available, the reference solutions were provided to each workshop participant
prior to commencement of the workshop. Participants were encourage to use these
reference solutions as a guide in preparing their PE solutions.

It should be noted that not all of the models were applied to all of the test case
problems (see Tables 1-2 and 1-3 for details). This was expected since each test
case problem was designed to test a specific physical mechanism, which until
recently, was not included in many PE models. It is a credit to their developers that so
many of the PE models did so well on these test case problems.

PE Workshop 11 7




II Development of the Test Cases

Selection of the test cases was perhaps the most difficult problem faced in organizing
the PE Workshop II. The number of underwater acoustic publications involving PE-
model development is extensive for the decade of the Eighties as compared with the
previous decade. In general the capabilities of PE models have been significantly
extended. In the announcement letter the following topics were listed as possible
candidates for the test cases:

¢ wide-angle propagation (a.k.a. high-angle propagation)

* deterministic vs. stochastic propagation

¢ conservation of energy in the PE model

* full viscoelastic bottom (or equivalent) in the PE model

* pulsed (broadband) propagation; time and arrival structure; Fourier synthesis of
frequency domain solutions vs. true time domain solutions

¢ three-dimensional (3-D vs. N x 2-D) propagation
* scattering (in-plane and out-of-plane) and backscatter
* very low frequency propagation.

The announcement letter also solicited suggestions for meaningful test cases. The
responses were limited, but some very good ideas were offered. The problem then
became one of selecting a set of test cases that would cover as many meaningful types
of situations as possible. The criteria used in selecting the test cases were as follows:

* Use only a small number of test cases.

* Computer runtimes (and costs) should not be excessive.

* Each test case should test just one type of physical mechanism.

* The test case should involve a new development in PE modeling.

It became apparent that not all of the topics could be covered in a limited set of test
cases. Some things had to be eliminated. The first of many difficult decisions made
was to eliminate rough boundary scattering problems. It was felt that this would be
testing a rough surface scattering algorithm and not necessarily the PE approach. Also
it was felt that this topic was so broad in scope as to warrant a workshop in its own
right.

8 PE Workshop 11
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Another area that was difficult to exclude was full 3-D PE underwater-acoustic
modeling. After many lengthy discussions and attempts, it was concluded that
the detailed description needed for a 3-D underwater acoustic problem—such that the
problem would be useful and unambiguous, and would provide a unique test for a
specific physical mechanism—was beyond the scope envisioned of this workshop.
Simply scattering out-of-plane (i.e., azimuthally off a bathymetric feature) would
certainly give a different result than that obtained by an N x 2-D modeling
approach—this had been documented in the literature. However, aside from
confirming the obvious, the real issue in this scenario would be how well the PE
method could handle scattering from an abrupt environmental feature; this would be a
duplication of the issue addressed in Test Case 4. Another environmental situation
where 3-D modeling had established a difference from the N x 2-D techniques was
the situation where azimuthal refraction occurs due to changes in the 3-D sound speed
field. This would have been a weak phenomenon (unless a front or eddy was
involved) and would have required far more early preparation from the workshop
organizers and participants than time would allow. (One can readily comprehend the
amount of information that would be needed for a 3-D problem by reviewing the data
required for the realistic 2-D problem of Test Case 6, shown in Tables A-1, A-2, and
A-3 of Appendix A.) Additionally, most of the physical phenomena that would be
tested (e.g., energy conservation, sharp refractions) were already included in the other
test case problems.

Six test cases were finally developed. This seemed to be the absolute minimum
number of cases that would cover the many topics of interest. While the number of
test cases seemed excessive (four test cases were used in the first PE workshop), it
was realized that only a few of the modelers would try to solve all of the test cases.
For example, several participants did not attempt to solve Test Case 3, which involved
propagation in elastic media, since their particular model did not include propagation—
conversion of shear waves.

Six test cases were distributed to interested parties on 18 January 1991. The test cases
selected were as follows:

* Test Case 1: Lloyd’s Mirror — Wide-Angle Propagation

* Test Case 2: Conservation of Energy in Range-Dependent Propagation

* Test Case 3: Range-Dependent Shear Wave Propagation

¢ Test Case 4: Backscatter from a Waveguide Discontinuity

¢ Test Case 5: Propagation in Constantly Changing Environment

® Test Case 6: Underwater Acoustic Model Predictions vs. Measured Field Data
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The major capabilities that would be tested by this set of test cases are the ability to
propagate wide-angle energy, the ability of the model to conserve energy as it goes up
and down a slope, the ability to account for shear propagation in elastic media, the
ability to handle backscatter from steep (vertical) surfaces, the ability to handle
constantly changing environments, and a comparison with measured field data. The
information sent to the participants regarding the six test cases is given in Appendix A.

During the course of the workshop discussions, a problem with wide-angle split-step
PE’s experienced by Finn Jensen and Michael Porter was reexamined. The PE
Workshop II organizing committee had not included this problem as a test case
problem because the difficulty was peculiar only to some (not all) wide-angle split-
step PE models and was not a difficulty to other wide-angle PE models that used
finite-difference or finite-element solution techniques. However, in the course of the
workshop discussions it became evident that this was indeed an important problem to
be considered and, if possible, resolved. Consequently, we have included this problem
as:

* Test Case 7: Long-Range Propagation in a Leaky Surface Duct.

The modelers who use a split-step PE solution were requested to further examine Test
Case 7 after the workshop had concluded. Relevant post-workshop results on
Test Case 7 could be incorporated into their contributed papers. Their responses are
included in some of the papers that appear in Part 3 of the workshop proceedings.

Several of the investigators used more than one model to solve the various test cases.
Twenty models were used by the modelers. This many models can lead to problems
and confusion in labeling different model results. In cases where possible, we
maintained the names used by the model developers. There were some cases where
liberty was taken and unique names assigned to the models. Sometimes virtually
the same model was used by different investigators; to help discriminate between the
same model being executed by different investigators, separate names were selected.

Table 1-2 gives an alphabetical listing of the labels used on the plots together with a
short discussion of the models. It is not intended to give a complete explanation of the
models since adequate information is contained in the literature. Along with each
label (model) is the name of the workshop participant who used the model to generate
results for the test cases.

Table 1-3 shows the models that were used by participants of the workshop versus the
test cases to which the models were applied.
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Ccu

COUPLE

DREP

DREPS

FEPE

FEPES

FEPE ROT

FEPES ROT

IFDPE

IFDPE SAC

IMPPE

LOGPE

MIPE

Table 1-2. Models Used by Workshap Presenters

Steinberg and McCoy’s windowed transformation and marching algorithms for
localized phase-space representations. Steinberg used it to obtain the solution
to Test Case 1.

Richard Evans’ coupled mode model; Evans used it to provide several of the
reference solutions used during the workshop. It was also used by Finn
Jensen (SACLANTCEN) to work Test Case 4.

Finite-difference PE model developed and used by David Thomson (Defence
Research Establishment Pacific (DREP)) to generate solutions to workshop
Test Cases 2 through 7. In Test Cases 1 and 7 Thomson used his split-step
PE model.

The elastic PE model developed and used by Gary Brooke (DREP) to gener-
ate solutions to the workshop Test Case 3. It includes shear wave attenuation.

The finite-element PE model developed and used by Michael Collins of NRL to
generate solutions to the workshop test cases.

Collins’ elastic version of his FEPE model that includes shear wave propaga-
tion and attenuation. Collins used it to provide solutions to Test Case 3.

The ROT extension refers to a version of Collins’ FEPE where he rotates the
coordinate system so that the water-sediment interface can be represented as
horizontally flat rather than a sloping bottom. He used this model as a check
for Test Case 3.

Collins’ rotated version of his shear PE (FEPES); he used it as a check for
Test Case 3.

The implicit finite-difference PE model developed and used by Ding Lee to
generate solutions to the workshop Test Case 3.

IFDPE was also used by Jensen to work some of the cases. To distinguish his
results from those reported by Lee, a SAC extension was used.

A version of IFDPE developed and used by John Papadakis. His version
replaces the standard “false bottom” method used in IFDPE with an
impedance bottom boundary condition.

PE model developed by Berman, Wright, and Baer [Berman, et al. 1989]; it
uses a split-step solution technique. In a range-independent environment, its
“rays” are identical to the “rays” of the Helmholtz equation. Used by Jensen to
get results for Test Case 7.

Results generated by Lan Nghiem-Phu with the University of Miami's split-
step PE. This model has evoived from the original Hardin and Tappert model
developed circa 1972.

NAVY STD PE Results generated by Eleanor Holmes and Laurie Gainey using the U.S.

Navy’s standard version ot PE. This model uses the split-step algorithm.
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Table 1-2. Models Used by Workshop Presenters (Continued)

NON EC FE Collins’ version of his FEPE model without the enhancement that “conserves”
energy.

OPT Results generated by Nils Paz using the split-step PE mode! in the OPTAMAS
system.

PAREQ SACLANTCEN version of PE that uses the split-step algorithm. The label
refers to the results generated by Jensen using this model.

REF REF refers to several different methods of getting a reference solution. For
Test Case 1 it is an analytic image solution to the Lioyd's Mirror problem. For
Test Cases 2 and 4 the COUPLE model was used. For Test Case 3 the SAFE
model was used. For Test Case 6 the reference solution is experimental data.

SNAP The SNAP (SACLANTCEN Normal Mode Acoustic Propagation) model was
used by Jensen to generate the Reference Solution for Case 7.

T-CPE This label refers to the Thomson—Chapman version of PE used by Jensen.

Table 1-3. Models Used Versus Test Cases
MODELS TEST CASES

| USED 1 ]2A |2B }3A |3B |4A |4B |5A |5B |SC |6A |6B [6C |7

CuU X

Ref.: COUPLE X |IX X IX

DREP X X |X X X X IX X X [X |[X |X

DREPS X IX X X X |X X

FEPE X (X |[X X X

FEPES X |X

FEPE ROT X IX

FEPES ROT X |IX

IFDPE X X X X X X X X [X [X [X |[X |X

IFDPE SAC X IX X

IMPPE X |X X X X [X X X

LOGPE X

MIPE X [X X X X [X |X X |X [X |X [X |X |X

NAVYSTDPE [X X X X X X [X X X X [X X X |[X

NON EC FE X X

OPT X IX X X [X X |X X |[X X [X |X

PAREQ X X

Ref.: SAFE X

Ref.: SNAP X

T-CPE X X
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III Results

This section of Part 1 presents an overview of the results from the PE Workshop II.
Part 2 of these proceedings is devoted entirely to the workshop results. The reader
should therefore consult Part 2 for details of results discussed in this section.

In presenting this overview, the PE models have been categorized into 3 classes. One
class represents the “6.. Basic Research and Development (R&D)” PE models
together with the “6.2 Exploratory Development” PE models. Another class represents
the “6.3 Applications” PE models. The final class of PE models is composed of the 6.3
“in-the-field” operational PE models. (The general designations of “6.1,” “6.2,” and
“6.3” are used by the Office of Naval Research. While in principle quite distinct, in
practice, the same PE model could be used in 6.1, 6.2, and 6.3 research.) As indicated
earlier, the primary difference between a 6.3 Applications PE model and the 6.3 “in-
the-field” operational PE model is in the constraints imposed on the operational PE
model. These constraints are necessary trade—offs between accuracy vs. computational
speed vs. portability and compatibility. The OPTAMAS system and the U.S. Navy’s
Standard PE model were the only bona fide 6.3 “in-the-field” operational PE models
used in this workshop. For classification purposes we have chosen some of the PE
models as representative of a 6.3 operational PE model. This is due to their similarity
with the Navy Standard PE model in their split-step solution techniques. Historical
information on the development of the PE method and its evolution into the Navy
Standard PE model is given in Appendix C.

This overview of the results adheres to the following format:

* For each of the Test Cases, 1 through 6, 3 representative plots from the PE models’
predictions are given.

* These 3 representative plots are from the 3 classes of PE models that were used to
obtain solutions to the workshop’s test cases; one of the 3 representative plots
comes from each of the 3 classes.

* The first set of plots (labeled Fig. 1-x(a), where x=1,2,...,6) is representative of the
R&D PE models’ results for Test Case x.

* The second set of plots, Fig. 1-x(b), is representative of the Applications PE
models’ results for Test Case x.

® The third sct of plots, Fig. 1-x(c), is the result from the U.S. Navy’s Standard PE
model for Test Case x.
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For this overview, Test Case 7 is treated differently than the previous six test cases.
Three of the operational PE model’s results are shown for this case with different
combinations of reference sound speeds and narrow-angle vs. wide-angle propagation
options. These three plots in Fig. 1-7 serve to indicate the problems encountered in
Test Case 7.

Finally, for this overview, the selection of representative results for each Test Case, 1
through 6, was made on the basis of the best visual agreement with the reference
solution. Thus, with the exception of the Navy Standard PE model, no one model’s
results appear in all of the test cases.
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TEST CASE 1 - Lloyd’s Mirror - Wide-Angle Propagation

Results shown in Fig. 1-1(a) from the representative R&D PE model indicate that the
research-level PE models are able to propagate the acoustic wave at a half-beamwidth
approaching 90°. This is an important result since it implies that some PE models are
capable of propagating nearly all of the forward propagating acoustic field. In the first
PE Workshop (in 1981) the maximum half-beamwidth that could be propagated by the
PE models was 40°. Results shown in Fig. 1-1(b) are from a representative
operational PE model. The results match the analytic solution to the Lloyd’s Mirror

40 Ret.: Lloyd's Mirror | _ 40 Ref.: Lioyd's Mirror
i a ]
] —— R&D PE model 2 ] —— Operational PE
60 N 60 — : |
J 8 i.
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RANGE (km) RANGE (km)
(a) (b)
._ problem at every point except at the range
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Fig. 1-1. Test Case 1 results from three

TTTT

4 6
RANGE (km)

classes of PE modeis.

85°.

Results from the Navy’s Standard PE
model are shown in Fig. 1-1(c) for Test
Case 1. It represents an improvement in the
model as a result of deficiencies identified
during the workshop. The improvement
was incorporated into the next operational
version of the model. It indicates that even
under the constraints of using field-
operational parameters in the grid size (Az,
Ar) this model is capable of propagating the
acoustic field that is included in a half-
beamwidth of greater than 75°.
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TEST CASE 2 - Conservation of Energy in Range-Dependent Propagation

This test case required the PE models to propagate the acoustic field upslope in an
environment similar to the ASA penetrable lossy wedge benchmark problem.
However, this wedge does not intersect the air-water surface. Rather it slopes
downward after reaching a height of 25 m from the surface. The physical situation is
such that the PE model must propagate three modes upslope, traverse a region at the
apex of this upslope-downslope wedge where no modes are propagating, and then
propagate downslope where the three modes that were stripped-out going upslope are

s
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Fig. 1-2. Test Case 2 results from three

classes of PE models.
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now reestablished going downslope.
The ability of the PE models to conserve
energy is being tested in this problem.
Since the PE marching algorithm can
satisfy only one of the two necessary
continuity conditions, it is now known
that the model has difficulty in such
situations. The results in Fig. 1-2 attest
to the fact that the PE modeling
community has found ways to overcome
this difficulty. The Navy Standard PE
model shows inaccuracies in the
downslope region (3.5 km to 7 km).
These are likely due to the cumulative
effects of prediction errors that began in
the upslope region.
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TEST CASE 3 - Range-Dependent Shear Wave Propagation

This test case is just the ASA penetrable lossy wedge benchmark problem with shear
wave speed and shear wave attenuation added. Until recently the PE models could
only account for shear wave conversion in the ocean bottom by including an
“equivalent” attenuation factor. The PE Workshop II was fortunate to have the results
from two recently developed shear PE models. These two PE models accurately
include range-dependent shear wave conversion as can be seen in Fig. 1-3(a). (The
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Fig. 1-3. Test Case 3 results from three
classes of PE models.
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reference solution was obtained from a
seismoacoustic  finite-element = model
(SAFE) and can be considered accurate
throughout its predictive range of 0 km to
2.2 km). The operational PE model, which
does not contain shear waves, gave a
creditable result, given that it relied on an
“equivalent” attenuation to try and account
for the losses due to shear conversion. The
Navy Standard PE model also used an
“equivalent” attenuation but it did not
compare as well, as can be seen in
Fig. 1-3(c).
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TEST CASE 4 - Backscatter from a Waveguide Discontinuity

This test case required the calculation of backscatter from a step discontinuity in an
otherwise flat waveguide floor. The discontinuity begins at range=3 km as is evident
from a close scrutiny of the three plots in Fig. 1-4. The “high-frequency” oscillations
in the reference curve, between 0 km and 3 km are due to the backscattered field from
the step interfering with the forward-propagating field in this 25-Hz continuous wave
(cw) example. The reference solution came from the 3-D axially symmetric coupled
mode model (COUPLE). The backscattered field (Fig. 1-4(a)) is relatively weak
compared to the incident field. For the PE models to calculate the backscattered field
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.~ sum of the two PE fields. (Refer to Part 2
of the proceedings for a discussion of how
this PE field relates to the total field from
a 2-D axially symmetric coupled mode
model.) Both the R&D and operational PE
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classes of PE models.
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TEST CASE S - Propagation in Constantly Changing Environment

This test case involved propagation over a flat ocean bottom that slopes downward
(starting at range=0.5 km) and becomes flat again (at range=2.5 km). In the sloping
region the rate of variation is different between the continuously changing sound
speeds in the water and the corresponding continuously changing bathymetry and
sediment depth. The problem is straightforward and requires implementation of a
large amount of data to make an accurate prediction. The results shown in Fig. 1-5
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80 ] ! AR results appear quite similar. The Navy
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Fig. 1-5. Test Case 5 results from three
classes of PE modeis.
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TEST CASE 6 - Underwater Acoustic Model Predictions vs. Measured Field Data

This case tested the ability of the various PE models to match acoustic data taken in a
region where the environmental and geoacoustic parameters are believed to be
well-known. The data track starts in shallow water (200 m) and traverses 100 km to
deep water (~4 km). The ocean bottom along the track is sediment overlying a rough
shear-supporting subbottom. None of the model predictions agreed with the data but
were so consistent in their predictions that the PE Workshop II participants concluded
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Fig. 1-6. Test Case 6 results from three
classes of PE models.
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TEST CASE 7 - Long-Range Propagation in a Leaky Surface Duct

This test case illustrates that PE models using the split-step solution method together
with the Thomson—Chapman (T-C) wide-angle propagation option can give very
erroneous results over long ranges when a poor choice of the reference sound speed
(C,) is used. This occurs when a surface duct plus deep upward refracting sound
speed profile is present. In Fig. 1-7(a) the operational PE model is using the T-C
wide-angle propagation option with C, = 1482 m/s and shows perfect agreement with
the reference solution (SNAP SAC).

60 : SNAP SAC 60— ~ SNAPSAC
——  Operational PE Model; 1 4] —— Operational PE; standard
T-C option, C,=1482 m/s - 1 narrow angle, C,=1500 m/s
J m : I
1 B ol
80-1- (] ]
T ™ .| 8 ] I
VR ]
: z ]
100 g 100 ]
: s onal
{ Operational PE not run past 100 km % Operational PE not run past 100 km
'20 | I L < '20 LA SRR S % ™TrT } ) e —
T T 100 tmg =0 50 100 150
0 50 100 150
RANGE (km) RANGE (km)
(a) (b)
ot SNAP SAC | In.Flg.}:—7(b) the opelratlgna(til l;g”model is
Tl — operational PE Model; using the narrow-angle (“st ) propa-
] T-C option, C,=1500 m/s gation option with C; = 1500 m/s and
1 . again shows perfect agreement with the
80 \ reference solution.
] \ v .| InFig. 1-7(c) the operational PE model is
T RAUE using the T-C wide-angle propagation
100 option with C, = 1500 m/s and now shows
1 ‘ a 10-dB disagreement with the reference
] Operational PE not run past 100 km solution.
120 ——————————————— This problem is associated with a poor
0 50 100 150 choice of C; and only occurs in some PE
RANGE (km) models using T-C wide-angle options;
(c) thus finite-difference and finite-element PE

Fig. 1-7. Test Case 7 results from three  models are unaffected.
classes of PE models.
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IV Summary and Conclusions

The PE Workshop II provided an avenue to demonstrate the many advances that have
occurred in the development of underwater acoustic PE models since the first PE
workshop was held in 1981. Both basic research PE models and application-
operational PE models were able to account for very wide-angle acoustic propagation;
energy conservation in range-dependent propagation; propagation over and through
range-dependent, shear-supporting bottoms, including shear attenuations; backscatter
from a sharp discontinuity; and propagation in a constantly changing environment. The
implications to the underwater acoustic community are that present PE models can be
used to accurately simulate underwater acoustic fields in a highly complex ocean
environment (e.g., highly range-dependent propagation over shear-supporting ocean
bottoms, including backscatter).

The PE models presented at the workshop were exercised by experts in acoustic
modeling (in most cases, by the developers of the models). Indications are that many
of the models and techniques demonstrated during the workshop can be utilized in 6.3
operational situations by operators other than the model developers.

Perhaps the most important and encouraging result of this workshop is that
underwater-acoustic PE models from both the 6.1 basic research modeling community
and the 6.3 Navy operational modeling community were applied to the same set of test
problems. Each test problem was designed to push the PE models to their limits, and
each of the two communities’ PE models did extremely well, given the requirements
and constraints imposed by each community. The PE models developed by the 6.1
basic research modeling community were able to produce results for the test case
problems that were, in most cases, benchmark accurate. This is a definite requirement,
since the basic research community uses these models, often in highly complex
underwater environments, to identify, isolate, and understand the physical
mechanisms involved in underwater acoustic propagation and scattering. The 6.3
Navy operational community is also interested in accurate model predictions, but the
need for computational speed, portability, and the ability to run in the field on a
field-type computer (micro or desk-top computer) is also of utmost importance; this
requires that trade-offs among accuracy, speed, and portability be optimized. The test
cases in the PE Workshop II did not address speed and portability, only accuracy. The
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workshop results indicate that some of the operational PE models can be very
accurate when not constrained by operational parameters.

A final point of interest from the PE Workshop II: The experimental data set in Test
Case 6 constituted one of the more comprehensive acoustic and environmental-
geophysical data sets available. When the PE modelers failed to match this data, they
questioned not their models’ results but rather the data. They were unanimous in their
confidence of their models’ predictions. This led to a reprocessing of this already
twice-processed data, and the subsequent discovery of an error in the processing
parameters. The PE models’ predictions now compare better with the corrected
acoustic data.

In the decade separating the two PE workshops, the underwater acoustic PE models
have evolved from a beginning where no two PE models gave the same answer to the
point where a poor match between data and model prediction suggests a flaw in the
environmental or acoustic data.
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Appendix A — Test Cases: Descriptions and
Plotting Formats

Appendix A contains the description of each test case problem. Information on Test
Cases 1 through 6 (in the form presented below) was sent to the participants several
months prior to commencement of the workshop. Included in the descriptions were
the sizes of the viewgraph transparencies on which the results of each test case was to
be plotted. Test Case 7 was introduced to the participants at the workshop and post-
workshop responses solicited for inclusion in the proceedings.

TEST CASES FOR PE WORKSHOP II
TEST CASE 1

The selection of a starting field can play an important role in the results produced by a
PE model. In addition to testing the starting field the geometry of this problem will
also test the high angle capability of a model.

The environment is a Lloyd's mirror problem. The fluid is a halfspace with a pressure
release surface and a constant sound speed of 1500 m/s. The density is 1.0 g/cm3 with
no attenuation. The fixed point depth (source depth) is 350 m with a moving point
depth (receiver depth) of 3990 m. The frequency is 40 Hz.

The results from this test case should be in transmission loss (TL) re 1 m versus range
in kilometers. The horizontal axis of the plot should be the range, from 0 km to 10 km,
with divisions of 1 km/0.9 in. The vertical axis should display the TL (in dB re 1 m)
and should be from 30 dB to 100 dB with divisions of 10 dB/0.75 in.

TEST CASE 2

This test case is an upslope-downslope problem that is an extension to the Acoustical
Society of America (ASA) benchmark problem. This case is designed to test how well
the models conserve energy in a strongly rangedependent environment. The following
figure defines the geometry and physical parameters of the problem.
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BOTTOM

3.5 km ————>]
| 7.0 km >

Environmental parameters for Test Case 2.

In the water the sound speed is 1500 m/s, the density is 1 g/cm3, and there is no
attenuation. In the fluid bottom the sound speed is 1700 m/s, the density is 1.5 g/cm3,
and there is an attenuation of 0.5 dB/A. The frequency is 25 Hz, the fixed point depth
(source depth) is 100 m, and the moving point depths (receiver depths) are 20 m and
150 m.

The results for the two different receivers should be presented on separate plots. The
range scale should be from 0 to 7 km at 1 km/in. with the transmission loss from 30 to
100 dB with divisions of 10 dB every 0.75 in.

TEST CASE 3

Recently there has been strong interest’ in extending the capability of underwater
acoustic models to include more realistic treatments of the ocean bottom-subbottom,
including anelastic media. This case is an adaptation of the ASA Benchmark problem
to include an anelastic bottom.

T«Special Research Program Bottom/Subbottom Reverberation Science Plan” edited
by J. A. Orcutt, Scripps Institution of Oceanography, 1989, for the Office of Naval
Research.
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CcwW
25 Hz
200 m *

BOTTOM

4.0 km —p|

Environmental parameters for Test Case 3.

In the water the sound speed is 1500 m/s, the density is 1 g/cm?, and there is no
attenuation. In the anelastic bottom the compressional speed is 1700 m/s, the shear
speed is 800 m/s, the density is 1.5 g/cm3, both the compressional and shear
attenuations are 0.5 dB/A. The frequency is 25 Hz, the fixed point depth (source
depth) is 100 m, and the moving point depths (receiver depths) are 30 m and 150 m.

The results for the two different receivers should be presented on separate plots. The
plots for this case should be from 0 km to 4 km at 1 km/1.5 inch for the range
(horizontal) axis, and from 30 dB to 100 dB with a scale of 10 dB/0.75 in. for the
transmission loss (vertical) axis.

TEST CASE 4

This test case is presented to test the ability of different models to handle the problem
of backscattered energy.

In the water the sound speed is 1500 m/s, the density is 1 g/cm®, and there is no
attenuation. In the fluid bottom the sound speed is 1700 m/s, the density is 1.5 g/cm?,
and there is an attenuation of 0.5 dB/A. The frequency is 25 Hz, the fixed point depth
(source depth) is 100 m, and the moving point depths (receiver depths) are 95 m and
150 m.

The results for the two different receivers should be presented on separate plots. The
range (horizontal) scale should be from 0 to 5§ km at 1 km/in. with the transmission
loss (vertical) scale from 30 to 100 dB with divisions of 10 dB every 0.75 in.
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ow WATER v

BOTTOM

|&—30km —»
| 5.0 km

Environmental parameters for Test Case 4.

TEST CASE §

This case is designed to test the ability of underwater acoustic propagation codes to
handle range variations in the sound speeds in a range—dependent situation.

The bathymetry of this test case has a flat bottom of 200 m depth out to a range of
0.5 km. At that range a downslope section is encountered that drops off 200 m over
the next 2,000 m. The bottom then remains flat at 400 m out to the final range of
10,000 m.

The sound speed structure in the water is not a function of depth but does have a
dependence on the range. It is a constant 1500 m/s out to a range of 0.5 km. Over the
downslope portion of the bathymetry the sound speed varies linearly in range from
1500 m/s to 1540 m/s. At a range of 2.5 km the sound speed remains a constant
1540 m/s out to a range of 10.0 km. The density of the water is 1 g/cm? and there is no
attenuation.

The fluid bottom consists of two layers: the first bottom layer (i.e., the sediment) is a
constant 200 m thick and follows the contour of the water/sediment interface; the
second bottom layer (i.e., the bottom) is a homogeneous layer of infinite depth. The
pertinent physical parameters of these two bottom layers are as follows:

» The sediment sound speed is 1700 m/s, the density is 1.5 g/cm3, and the
attenuation is 0.5 dB/A.

* The bottom sound s&eed is 1900 m/s, the density is 3.0 g/cm?, and the
attenuation is 0.1 dB/A.
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The frequency is 25 Hz, the fixed point depth (source depth) is 100 m, and the moving
point depths (receiver depths) are 30 m, 150 m and 250 m.

The results for the three different receivers should be presented on separate plots.
These plots should be transmission loss, in dB, versus range, in kilometers. The
horizontal axis of the plot should be the range, from 0 km to 10 km, with divisions of
1 km/0.9 in. The vertical axis should display the transmission loss (in dB re 1 m) and
should be from 60 dB to 130 dB with divisions of 10 dB/0.75 in.

Om
Sozzd Sound speed varies linearly
speed = | in range from 1500 m/s to Sound speed =
~ 200 m [00mS] 1540 m/s 1540 m/s
E WATER
T 400 m SEDIMENT
m : :
Q ! '
600 m i-------- Lmmmmmseemoscoooeeo-sS r 1
' ' BOTTOM ' }
: : ! '
0.0 0.5 25 10.0
RANGE (km)
Environmental parameters for Test Case 5.
TEST CASE 6

This test case will test the different models against measured field data. The necessary
environmental information is provided in the tables below. There were three sound
speed profiles measured along the track. The bathymetry is also supplied with the
range in kilometers and the depth in meters. A series of range—dependent geoacoustic
descriptions are also supplied, where the depths are measured relative to the air /water
interface.

The three sound speed profiles are presented in the following tables. Each table is
preceded by the initial range of the profile.

The problem parameters to be used are as follows:
Frequency = 15 Hz
Fixed Point (Sources) Depths = 88 m, 112 m, and 148 m
Moving Point (Receiver) Depth = 30 m
Maximum Range of Calculation = 100 km
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The plots (one for each source depth) should have a range (horizontal) scale of 0.0 km
to 100 km with each 10 km division equal to 0.75 inch. The transmission loss
(vertical) axis is in dB re 1 m and should be from 30 dB to 100 dB with divisions of
10 dB/0.75 in.

Editors’ Note: The experimental acoustic data that accompanied Test Case 6, and
which represents the “reference solution” for this case, was taken by Hassan B. Ali of
NRL (Fisher et al. 1989). The geoacoustic ocean-bottom data, compiled by Peter
Fleischer of NRL, represented data taken along a seismic line parallel to and within
30 miles of the track over which the acoustic data was taken. The geoacoustic ocean-
bottom data compilation was part of the Office of Naval Research’s Acoustic
Reverberation Special Research Program.

Table A-1. Sound Speed Profiles for Test Case 6
Profile 1 at Range = 0.00 km

Depth Sound Depth Sound Depth Sound Depth Sound
(m) Speed (m/s) (m) Speed (m/s) (m) Speed (m/s) (m) Speed (m/s)
0. 1506.022 | 5. 1506.318 | 10. 1506.614 15. 1502.202 |
20. 1495.611 25. 1493.545 30. 1491.493 35. 1490.315
40. 1488.301 45. 1487.187 50. 1486.485 55. 1485.437
60. 1485.289 65. 1484.630 70. 1484.677 75. 1483.561
80. 1482.737 85. 1482.261 90. 1481.918 95. 1481.712
100. 1481.555 105. 1481.822 110. 1481.956 115. 1482.079
120. 1482.196 125. 1482.738 130. 1482.723 135. 1482.596
140. 1482.271 145. 1482.296 150. 1481.903 155. 1481.578
160. 1481.571 165. 1481.573 170. 1481.404 175. 1481.367
180. 1481.091 185. 1480.967 190. 1480.912 195. 1480.862
200. 1480.851 205. 1480.923 210. 1480.974 215. 1481.014
220. 1481.063 225, 1481.118 230. 1481.090 235. 1481.124
240. 1481.064 245. 1481.064 250. 1481.042 255. 1481.075
260. 1481.188 265. 1481.215 270. 1481.131 275. 1481.071
280. 1480.886 285. 1480.840 290. 1480.478 295. 1480.914
300. 1480.811 305. 1480.745 310. 1480.683 315. 1480.654
320. 1480.483 325. 1480.337 330. 1480.204 335. 1480.080
340. 1480.012 345. 1479.881 350. 1479.812 355. 1479.806
360. 1479.804 365. 1479.783 370. 1479.726 375. 1479.754
380. 1479.890 385. 1479.786 390. 1479.621 395. 1479.703
400. 1479.717 405. 1479.766 410. 1479.713 415. 1479.651
515. 1479.000 527. 1479.000
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Table A-1. Sound Speed Profiles for Test Case 6 (Continued)
Profile 2 at Range = 29.415 km

Depth Sound Depth Sound Sound Depth Sound
(m) Speed (m/s) (m) Speed (m/s) Speed (m/s) (m) Speed (m/s)

—_— ——— —————— ——— =
0. 1507.331 5. 1505.019 10. 1502.707 15. 1497.749

Depth
()

20. 1491.660 25. 1488.583 30. 1487.419 35. 1486.231
40. 1485.515 45. 1484.530 50. 1484.153 55. 1484.028
60. 1483.993 65. 1483.809 70. 1483.281 75. 1483.323
80. 1483.123 85. 1482.863 90 1482.666 95. 1481.924

100. 1481.940 105. 1481.676 110. 1481.778 115. 1482.423

120. 1481.923 125. 1481.753 130. 1481.872 135. 1481.720

140. 1481.677 145, 1481.454 150. 1481.455 155. 1481.426

160. 1481.346 165. 1481.384 170. 1481.290 175. 1481.107

180. 1480.995 185. 1481.022 190. 1480.790 195. 1480.683

200. 1480.632 205. 1480.499 210. 1480.246 215. 1480.133

220. 1480.173 225, 1480.099 230. 1479.915 235. 1479.718

240. 1479.636 245, 1479.585 250. 1479.563 255. 1479.451

260. 1479.365 265. 1478.913 270. 1478.887 275. 1478.780

280. 1478.593 285. 1478.450 290. 1478.477 295. 1478.355

300. 1478.048 305. 1478.023 310. 1478.023 315. 1477.665

320. 1477.547 325. 1477.416 330. 1477.201 335. 1477.134

340. 1476.939 345. 1476.870 350. 1476.903 355. 1476.923

360. 1476.809 365. 1476.786 370. 1476.694 375. 1476.464

380. 1476.346 385. 1476.589 390. 1476.478 395, 1476.814

400. 1477.269 405. 1477.631 410. 1477.666 415. 1477.739
420. 1477.779 425. 1477.809 430. 1477.744 435, 1477.790
440. 1477.828 445. 1477.851 450. 1477.771 455. 1477.813
460. 1477.839 465. 1477.843 470. 1477.837 475. 1477.693
480. 1477.641 485. 1477.680 490. 1477.687 495. 1477.659

500. 1477.683 525. 1476.900 550. 1476.616 575. 1477.078

600. 1477.372 625. 1477.739 650. 1477.995 675. 1478.129

700. 1478.327 750. 1478.841 775. 1479.017 800. 1479.328

825. 1479.552 850. 1479.736 875. 1479.902 900. 1480.127

925. 1480.333 950. 1480.330 975. 1480.592 1000. 1480.602

1100. 1481.446 1200. 1482.158 1300. 1482.986 1400. 1483.890

1500. 1..84.961 1600. 1485.871 1959. 1486.506

PE Workshop I | 31




PE Workshop II: Part 1 — Appendix A

Table A-1. Sound Speed Profiles for Test Case 6 (Continued)
Profile 3 at Range = 76.556 km

Depth Sound Depth Sound Depth Sound Depth Sound
(m) Speed (m/s) (m) Speed (nvs) (m) Speed (nvs) (m) Speed (m/s)
==q==
0. 1517.191 10. 1505.064 20. 1492.937 30. 1487.920
40. 1485.705 50. 1484.379 60. 1484.078 70. 1483.978
80. 1482.976 90. 1482.394 100. 1481.174 110. 1481.592

120. 1481.793 130. 1481.465 140. 1481.488 150. 1481.396

160. 1481.339 170. 1481.122 180. 1480.959 190. 1480.892

200. 1480.388 210. 1480.202 220 1479.921 230. 1479.736
240. 1479.643 250. 1479.190 260 1478.809 270. 1478.561
300. 1477.954 310. 1477.495 320 1477.879 330. 1477.643
340. 1477.692 350. 1477.434 360. 1477.513 370. 1477.139
380. 1477.470 390. 1477.310 400. 1477.193 410. 1478.001
420. 1477.839 430. 1477.635 440 1476.783 450. 1476.917
460. 1477.609 470. 1477.031 480 1477.130 490. 1477.737
500. 1477.886 530. 1477.826 560 1477.860 590. 1477.819
620. 1478.050 650. 1478.143 680 1478.475 710. 1478.815
740. 1479.079 770. 1478.416 800. 1478.189 830. 1478.973
860. 1479.113 890. 1479.471 920. 1479.884 950. 1480.106

980 1480.345 1010. 1480.521 1110. 1481.193 1210. 1482.064

1310. 1482.846 1410. 1483.751 1510. 1484.792 1610, 1485.926

1710. 1487.038 1810. 1488.003 1910. 1489.202 2010. 1490.499

2110. 1491.874 2210. 1493.421 2310. 1494.983 2410. 1496.574

2510. 1498.246 2640. 1499.929

Table A-2. Bathymetry for Test Case 6

Range (m) Depth (m) Range (m) Depth (m) Range (m) | Depth (m) |

000 | 20100 | 33200 | 38500 | 10040.00 407.00
15284.00 422.00 18323.00 428.00 20266.00 411.00
23884.00 381.00 25464.00 527.00 29415.00 559.00
30353.00 560.00 35064.00 601.00 40875.00 674.00
42268.00 750.00 46837.00 751.00 50810.00 1038.00
52029.00 979.00 59874.00 1586.00 65524.00 1614.00
69824.00 1713.00 72362.00 1650.00 73968.00 1959.00
74461.00 1892.00 76656.00 1975.00 78364.00 1905.00
79855.00 1702.00 82052.00 1879.00 83148.00 2136.00
85040.00 2627.00 86883.00 2640.00 91132.00 2637.00
93360.00 2490.00 95744.00 2649.00
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Table A-3. Geoacoustic Properties for Test Case 6

Depth is measured from the air/water interface. The speed and attenuation are given for
the compression wave. The range value (in kilometers) along the track precedes the
geoacoustic description.

Range = 0.0 km
Depth (m) Speed (m/s) I Density (g/cm3) Atten (dB/A)
ﬁ —_

201.00 1500.0 2.19 0.12
1757.43 2100.0 2.19 0.27
1760.00 2600.0 2.54 0.10
3700.00 3400.0 2.54 0.09
3708.96 4600.0 2.60 0.06
8000.00 4600.0 2.60 0.06

Range = 3.362 km

Depth (m) Speed (m/s) Density (g/cm?) Atten (dB/A)
385.00 1500.0 2.19 0.12
1811.95 2100.0 2.19 0.27
1815.00 2600.0 2.54 0.10
3580.00 3400.0 2.54 0.09
3584.87 4600.0 2.60 0.06
8000.00 4600.0 2.60 0.06

Range = 10.040 km

Depth (m) I Speed (m/s) Density (g/cm®) I Atten (dB/A)

407.00 1500.0 2.19 0.12
1867.76 2100.0 2.19 0.27
1870.00 2600.0 2.54 0.10
3325.00 3400.0 2.54 0.09
3331.37 4600.0 2.60 0.06
8000.00 4600.0 2.60 0.06

Range = 15.284 km
Depth (m) Speed (m/s) Density (g/cm3) Atten (dB/A)
e ——

422.00 1500.0 2.19 0.12
1736.61 2100.0 2.19 0.27
1740.00 2600.0 2.54 0.10
3179.31 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

“Range = 18.323 km
Depth (m) Speed (n/s) Density (g/cm®) Atten (dB/X) |
1527.55 2100.0 2.19 0.27
1530.00 2600.0 2.54 0.10
3111.79 3400.0 254 0.09
8000.00 3400.0 254 0.09
Range = 20.266 km
Depth (m) Speed (mVs) Density (g/cm®) Atten (dB/A)
411.00 1500.0 2.19 0.12
1361.15 2100.0 2.19 0.27
1365.00 2600.0 254 0.10
3074.75 3400.0 254 0.09
8000.00 3400.0 254 0.09
Range = 23.884 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/))
671.12 2100.0 2.19 0.27
675.00 2600.0 254 0.10
3021.91 3400.0 254 0.09
8000.00 3400.0 254 0.09
Range = 26.464 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/A)
527.00 1500.0 2.19 0.12
1334.89 2100.0 2.19 0.27
1340.00 2600.0 254 0.10
3005.12 3400.0 254 0.09
8000.00 3400.0 2.54 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

Range = 290.415 km
~ Depth (m) Speed (n/s) Density (g/cmd) Atten (dB/A)
1439.22 2100.0 2.19 0.27
1445.00 2600.0 254 0.10
2979.31 3400.0 254 0.09
8000.00 3400.0 2.54 0.09
Range = 30.353 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/A) |
1276.24 2100.0 2.19 0.27
1280.00 2600.0 2.54 0.10
2976.78 3400.0 254 0.09
8000.00 3400.0 254 0.09
Range = 35.064 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/A)
601.00 1500.0 2.19 0.12
994.46 2100.0 2.19 0.27
1000.00 2600.0 2.54 0.10
2984.40 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
Range = 40.875 km
Depth (m) Speed (nVs) Density (g/cm®) Atten (dB/A)
674.00 1500.0 2.19 0.12
1002.59 2100.0 2.19 0.27
1005.00 2600.0 2.54 0.10
3039.20 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

Range = 42.268 km
Depth (m) Speed (m/s) Density (g/cm>) Atten (dB/A)
750.00 1500.0 2.19 012 |
1454.61 2100.0 2.19 0.27
1460.00 2600.0 2.54 0.10
3061.66 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
Range = 46.837 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/A)
751.00 1500.0 2.19 . 0.12 |
799.01 2100.0 2.19 0.27
805.00 2600.0 2.54 0.10
3151.16 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
Range = 50.810 km
Depth (m) Speed (n/s) Density (g/cm®) Atten (dB/A)
1038.00 1500.0 2.19 0.12
1509.31 2100.0 219 0.27
1515.00 2600.0 2.54 0.10
3251.38 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
Range = 52.029 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/A)
979.00 15000 | 2.19 — [ o012 |
1020.98 2100.0 219 0.27
1025.00 2600.0 254 0.10
3291.40 3400.0 254 0.09
8000.00 3400.0 254 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

Range = 59.874 km
Depth (m) Speed (mVs) Density (g/cm®) Atten (dB/A)
1586.00 1500.0 2.19 0.12
2081.44 2100.0 2.19 0.27
2085.00 2600.0 2.54 0.10
3581.72 3400.0 2.54 0.09
8000.00 3400.0 2.54 0.09
Range = 65.524 km
Depth (m) Speed (nVs) Density (g/cm3) Atten (dB/A)
1614.00 ] 1500.0 2.19 0.12
1688.34 2100.0 2.19 0.27
1690.00 2600.0 2.54 0.10
3848.86 3400.0 2.54 0.09
8504.21 5100.0 2.70 0.09
Range = 69.824 km
Depth (m) Speed (MVs) Density (g/cmd) Atten (dB/2)
— e
1713.00 1500.0 2.19 0.12
2099.88 2100.0 2.19 0.27
2105.00 2600.0 2.54 0.10
4081.08 3400.0 2.54 0.09
8193.83 5100.0 2.70 0.09
Range = 72.362 km
Depth (m) Speed (mVs) Density (g/cmd) Atten (dB/A)
1650.00 1500.0 2.19 0.12
1731.42 2100.0 2.19 0.27
1735.00 2600.0 2.54 0.10
4231.64 3400.0 2.54 0.09
8009.84 5100.0 2.70 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

Range = 73.968 km
Depth (m) Speed (mvs) Density (glcms) Atten (dB/A)
1959.00 1500.0 2.19 0.12
2201.13 2100.0 2.19 0.27
2205.00 2600.0 2.54 0.10
4335.63 3400.0 2.54 0.09
7889.15 5100.0 2.70 0.09
Range = 74.461 km
Depth (m) | Speed (nVs) Density (g/cm®) | Atten (dB/A)
1892.00 1500.0 2.19 0.12
1932.88 2100.0 219 0.27
1935.00 2600.0 2.54 0.10
4366.13 3400.0 2.54 0.09
7854.63 5100.0 2.70 0.09
Range = 76.656 km
Depth (m) Speed (nVs) Density (g/cm®) Atten (dB/A)
—_——— —————————————
1975.00 1500.0 2.19 0.12
2229.28 2100.0 2.19 0.27
2235.00 2600.0 2.54 0.10
4512.81 3400.0 2.54 0.09
7693.67 5100.0 2.70 0.09
Range = 78.364 km
Depth (m) Speed (nVs) Density (g/cm®) Atten (dB/A)
1905.00 1500.0 2.19 0.12
2176.96 2100.0 2.19 0.27
2180.00 2600.0 2.54 0.10
4633.20 3400.0 2.54 0.09
7567.23 5100.0 2.70 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

Range = 79.855 km
Depth (m) Speed (m/s) Density (g/cm4) Atten (dB/A)
1702.00 1500.0 2.19 0.12
1771.04 2100.0 2.19 0.27
1775.00 2600.0 2.54 0.10
4740.88 3400.0 2.54 0.09
7457.98 5100.0 2.70 0.09
Range = 82.052 km
Depth (m) | Speed (m/s) | Density (g/cm”) F Atten (dB/A) |
1957.76 2100.0 219 0.27
1960.00 2600.0 2.54 0.10
4905.68 3400.0 254 0.09
— 7297.02 5100.0 2.70 0.09
Range = 83.148 km
Depth (m) Speed (nvs) Density (g/cm3) Atten (dB/A)
2136.00 1500.0 2.19 0.12
2242.85 2100.0 2.19 0.27
2245.00 2600.0 2.54 0.10
4990.84 3400.0 2.54 0.09
7216.54 5100.0 2.70 0.09
Range = 85.040 km
Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/))
2627.00 1500.0 2.19 0.12
2721.80 2100.0 2.19 0.27
2725.00 2600.0 2.54 0.10
5077.44 3400.0 2.54 0.09
7078.60 5100.0 2.00 0.09
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Table A-3. Geoacoustic Properties for Test Case 6 (Continued)

Range = 86.883 km
Depth (m) I Speed (m/s) Density (g/cm®) Atten (dB/A)
2640.00 1500.0 2.19 ~ 042 |
3351.10 2100.0 2.19 0.27
3355.00 2600.0 2.54 0.10
5077.44 3400.0 2.54 0.09
6940.63 5100.0 2.70 0.09

Range = 91.132 km
Depth (m) | Speed (m/s) Density (g/cm®) Atten (dB/))
2637.00 1500.0 2.19 0.12
3351.00 2100.0 2.19 0.27
3355.00 2600.0 2.54 0.10
5077.44 3400.0 2.54 0.09
6630.20 5100.0 2.70 0.09

Range = 93.360 km

Depth (m) I Speed (m/s)
2490.00 1500.0

Density (g/cm®) ‘ Atten (dB/A)
2.19 0.12

2554.16 2100.0 2.19 0.27
2560.00 2600.0 2.54 0.10
5077.44 3400.0 2.54 0.09
6469.24 5100.0 2.70 0.09
Range = 95.744 km

Depth (m) Speed (m/s) Density (g/cm®) Atten (dB/A)
2649.00 1500.0 2.19 042 |
2663.21 2100.0 2.19 0.27
2665.00 2600.0 2.54 0.10
5077.44 3400.0 2.54 0.09
6296.79 5100.0 2.70 0.09
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TEST CASE 7

This test case problem was submitted by Finn Jensen. He had observed that some (but
not all) wide-angle split-step PE models using the Thomson—Chapman wide-angle
approach will overestimate transmission loss (TL) by as much as 20 dB. This
overestimation occurs when the PE model is applied to long-range propagation in a
leaky surface duct overlying a strong upward-refracting sound speed profile, such as
the one shown in the accompanying figure.

1 | ]
. WATER
1006 \ C = Profile Shown

\ p = 1.0 g/ent®

:

0
- ‘\

e \
-

DEPTH (m)

N

4003 L LB LA LENL B 3 LEL BRI LER BRI
1470 1485 1500 1515 1530 1545
SOUND SPEED (m/s)

__BOTTOM PARAMETERS
C =1523.8 m/s

p = 1.0 glent®
o = 0.1 dB/A

Environmental parameters for Test Case 7.

The environmental parameters of the problem are also given in the accompanying
figure. The source frequency is 80 Hz, the source depth is 25 m, and the receiver depth
is 100 m. Note that both the source and the receiver are located in the 250 m deep
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surface duct. The bottom is a range-independent, lossy fluid halfspace, beginning at a
depth of 4 km.

There are 78 propagating models in the water waveguide, one of which is trapped in
the surface duct. The first convergence zone (CZ) occurs at ~50 km in range.

The SNAP normal mode model (Jensen and Ferla 1979) was used by Jensen to obtain a
reference solution. Since the environment in Test Case 7 is range independent and
over a long range (>100 km), a normal mode model should provide an accurate
reference solution.

The sound speed profile is given in the following table.

Depth (m) | Sound Speed Depth (m) | Sound Speed
(mvs) (m/s)
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Appendix B — Reference Solutions to the
Test Cases

Appendix B contains tabular data from the reference solutions used in the Test Cases.
The tabular data represent selected samples from the larger data sets that were used to
plot the reference curves, and are sufficient to generate the reference curves used in
Test Cases 1, 2, 3A, 4, 6, and 7. This should prove useful to anyone desiring to

compare results from other numerical models against the reference solutions used in
the PE Workshop II.

] 7 CASE 1 - REFERENCE SOLUTION DATA 7 7
Range | TL (dB)|| Range | TL (dB)|| Range | TL (dB)|{ Range | TL (dB)]| Range TL(dB) Range | TL (dB)
L ) (m) | ____f| (km) m |

(km)

67.08 || 1.78
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ASE 2 - REFERENCE SOLUTION DATA
TL(dB) | TL(@B) | TL(dB) | TL (dB)
Ral ZR | ZR [ Ra ZR | ZR | Range Range ZR
(k’r:%e 20m 150m(|cr"ng)e 20m | 150m § (km) EE (km) 150rn

z
4112 § 1.82 X X ; 61.99 | 68.70 83.80
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CASE 3A - REFERENCE SOLUTION DATA

| (km)

i (om)

(km)

TL(G)W T (dB){| Range | TL (dB)f Ranoo TL (dB)]] Range TL«B)W TL (dB)]] Range | TL (dB)§ Range TTL (d8)

42.15[j0.516

| .0 M .Y

51.25|]0.716

59.80||2.100 58.76:

59.60(|2.116 |58.84

|59.50(f2.132|58.73

58.80|12.196 | 58.69

58.42[2.212(59.05
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rs__—?__—‘A E 4— REFERENCE SOLUTION DATA
TL (dB) TL (dB) TL (dB)

o -E iy -E i

63.50
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BA-FEFEFENEEWWMMM-OB@

(km) Ty | (@8) | iy | 8y | ey | @8 | ey | By Eﬂ @) |

76.19 1 34.65 |

[~ CASE 6B - REFERENCE SOLUTION DATA (Source Depth = 112 m)

Range| TL J|Range} TL [[Range| TL ||Range| TL [|Range| TL [|Range| TL
(km) | (dB) §| (km) | (dB) || (km) | (dB) || (km) | (dB) { (km) | (dB) | (km) | (dB)
55 86 o0

9.59 | 75.72 || 25.76 | 79.38 | 41.61 | 86.87 || 60.94 | 96.38 | 76.73 | 89.21 [ 92.75 9928"

18.01 | 80.59 || 34.04 | 90.86 |[ 48.16 | 87. 69 | 91.35 [ 84.92 | 93.16

PE Workshop 11 47




PE Workshop II: Part 1 — Appendix B

CA §E 6C — REFERENCE SOLUT ﬁN BATA (Source Depth = 148 m)
Hange

CASE 7 - REFERENCE SOLUTION DATA
Range | TL (dB){] Range | TL (dB)]| Range | TL (dB)|f Range TL (dB)J] Range [ TL (dB)[[Range | TL (dB)
(km) (km) (km) (km) (km) (km)

108.00 | 81.01

18.00 | 78.68 | 43.00 | 84.43 || 68.00 | 90.57 || 93.00 | 91.52 }§ 118.00 | 89.73 |{ 143.00 | 88.35

87.42 || 97.00
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Appendix C — Tappert’s Reflections on the
Origin of Underwater
Acoustic PE

In 1972 Fred D. Tappert and R. H. Hardin developed the parabolic approximation for
underwater acoustic propagation. The records of this underwater acoustic parabolic
equation (PE) method are chronicled in a number of publications. An excellent account of
this early development, including pertinent references, is given by Tappert!.

From that point on, their split-step PE method evolved into numerous computer codes.
One early version, the AESD PE model?, eventually evolved into the Navy Standard PE
model (in 1987). The original Tappert version has continued to evolve at the University of
Miami. Current versions of it (MIPE and UMPE) were used on the test cases in the PE
Workshop II. Along the way, vectorized versions of the Tappert PE method evolved into
complete hardware-software computation-display systems (e.g., the PESOGEN system>
(circa 1986), and later the coupling of that system into the OPTAMAS system* (in 1988)).

One of the high points in the PE Workshop II was Fred Tappert’s recreation of his initial
presentation of the PE method to his colleagues at Bell Laboratories. The workshop’s par-
ticipants viewed with interest the original viewgraphs used by Tappert as he recreated that
lecture. The editors felt that this was an opportunity to preserve a bit of history and have
thus reproduced those original viewgraphs in this Appendix.

IF. D. Tappert, “The Parabolic Approximation Method,” in Wave Propagation and
Underwater Acoustics, edited by J. B. Keller and J. S. Papadakis (Springer—Verlag, New
York, 1977), Chapter S, pp. 224-287.

2H.K. Brock, “The AESD parabolic equation model,” AESD TN-75-07, Office of Naval
Research, Arlington, VA (1975).

3«PESOGEN-II User's Manual Supplement,” Version V2.8, Technical Manual TM 03-90,
Daubin Systems Corp., Key Biscayne, FL, February 1990.

4“OPTAMAS 2.1 User's Guide,” Systems Integrated, 8080 Dagget Street, San Diego, CA,
September 1990.
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PART 2 TEST CASE RESULTS

INTRODUCTION

This part of the PE Workshop II proceedings contains the solutions to the 7 test case
problems posed in the workshop. Part 2 is structured such that for each test case the
following format is followed:

* The objective of the test case problem is stated.

¢ Relevant background information is presented. The rationale of the test case is
discussed in relation to that particular feature of the PE model that is being tested.

* The test case problem is posed, accompanied by a figure which illustrates the
environmental conditions of the problem.

* The origin of the reference solution is discussed.

* Workshop results from each PE model that was applied to that test case is plotted
together with the reference solution for comparison. This is followed by a brief
discussion of the results.

* A summary of the findings is given.

¢ Relevant contributed papers in Part 3 of the workshop proceedings are listed as
further readings.

Reference Solutions

The reference solutions were obtained from many different sources. In Test Case 1 the
reference solution is the analytic solution to the Lloyd’s Mirror problem. In Test Case
2 and 4 it was a numerical solution obtained from the coupled mode model, COUPLE
(Evans 1983; 1986). In Test Case 3 the reference solution was obtained from the
seismoacoustic finite-element model with shear waves, SAFE (Murphy and Chin-Bing
1991; Chin-Bing and Murphy 1993a; 1993b). In Test Case 6 the reference solution
was experimental acoustic data (Fisher et al. 1988; 1989) taken in a region where
environmental-geophysical conditions and parameters were considered “known.” In
Test Case 7 the normal mode model, SNAP (Jensen and Ferla 1979), was used to
generate the reference solution. In each case, the reference solution was considered
the best available solution that could be obtained. Both the COUPLE and the SAFE
models give the complete numerical solution to the nonhomogeneous Helmholtz wave
equation, i.e., the solution to an elliptic boundary value problem. (The PE solutions
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are solutions of a parabolic initial value problem that approximates this elliptic
boundary value problem.) Since the SAFE model includes shear wave speeds and shear
attenuations, it was used as the reference solution for Test Case 3. Test Case 7
involved long-range propagation of a trapped, leaky mode in a stratified, planar
environment; the SNAP model contains all of the significant physics for such a
scenario.

Tabular data to the reference solutions are given in Appendix B of Part 1.

Table 2-1. Models Used Versus Test Cases

MODELS
USED

TEST CASES

S

Ccu

Ref.: COUPLE
DREP
DREPS

FEPE

FEPES

FEPE ROT
FEPES ROT
IFDPE

IFDPE SAC
IMPPE
LOGPE

MIPE

NAVY STD PE
NON EC FE
OPT

PAREQ

Ref.: SAFE
Ref.: SNAP
T-CPE

X X X X

xX X X

X X X X
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Table 2-1. Models Used Versus Test Cases (Continued)

MODELS DESCRIPTION OF MODELS AND THE USERS

DREPS The elastic PE model developed and used by Gary Brooke of DREP. It includes
shear wave speeds and shear wave attenuations.

FEPES A version of Collins’ FEPE model that includes shear wave speeds and shear wave
attenuations; developed and used by Collins

FEPES ROT A rotated version of Collins’ shear code, FEPES, with rotated coordinate system.
Collins developed it and used it as a check for Test Case 3.

IFDPE SAC Ding Lee’s IFDPE model used by Finn Jensen (SACLANTCEN).

NAVY STD PE The U.S. Navy’s standard version of wide-angle split-step PE; used by Eleanor
Holmes and Laurie Gainey

urphy and Chin—Bing finite-el¢
and shear wave attenuation; used asa reference

Ref.: SNAP The SACLANTCEN normal mode model; used by Finn Jensen as a reference |
T-CPE :Thomson-Chapman wide—angle version of PE used by Finn Jensen ” L
XXX SAC Other models used by F. Jensen; e.g., COUPLE SAC: COUPLE model run by Jensen.
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Workshop Models

Table 2—1 gives a list of the models that were applied to each test case. An identifying
label (used in these proceedings) is given to each model together with a brief
description of the model. Detailed discussions of several of the models and their
application(s) are presented by the workshop contributors in Part 3 of these
proceedings. Not all of the papers in Part 3 contain adequate references, but in
totality, the PE references cited by all the papers in Part 3 form an adequate PE
bibliography. That bibliography is given at the ends of Part 2 and Part 3. References
cited in Part 2 are also in this bibliography.

Research PE Models and Operational PE Models

The various PE models that were applied to the test cases can be classified into two
categories: research and development (R&D) models and (fleet) operational models.
The demarcation between the two categories is prominent. Operational PE models are
configured to run on a small in-the-field computer (i.e., onboard ships and in naval
installations), with selected parameter ranges such that the trade—off between
computational speed, accuracy, portability, survivability, and system integration are
optimized to fulfill the required mission. Research models have no such constraints and
make few, if any trade—offs; their purpose is to faithfully include the required physics
and to give highly accurate and reliable answers. Many research PE models now use
finite-difference (Lee and McDaniel 1983) and finite-element (Collins 1990b)
solutions combined with the full computational capabilities of powerful
supercomputers. Thus, it would be expected that the research PE models would give
more accurate results than the field-operational PE models.

The demarcation line between the various PE models is not so clear. PE models that
are in the operational category were once in the research category. Furthermore, the
same PE model may exist in both categories, with the only significant difference
contained in the constraints imposed by the operational situation. All of the operational
PE models use the split-step solution technique (Hardin and Tappert 1973; Tappert
1977) since it uses FFT’s and can do computations more rapidly than other PE solution
techniques. The split-step PE models are, therefore, often associated with operational
PE models. However, the split-step PE models without the operational constraints are
frequently used in basic research (Jensen and Ferla 1990). Thus, in this workshop three
categories of PE models are represented: the research PE models, the modified
operational PE models with many of their operational parameters changed so that they
can give a better answer, and the operational PE models.
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The Navy Standard PE model (labeled in these proceedings as “NAVY STD PE”), the
University of Miami PE model (labeled as “MIPE”), and the PE model used in the
OPTAMAS system (labeled as “OPT’’) may be classified as operational PE models. These
three models have evolved from the original Tappert-Hardin split-step PE formalism
(Tappert 1977). Different versions of the split-step PE model are employed in a “field
operational mode” to produce NAVY STD PE and the OPTAMAS system. NAVY STD PE is
the standard version of PE that is used by the U.S. Navy in operational acoustic
calculations. It undergoes frequent official revisions and improvements as determined
by the Navy. The MIPE model is an advanced version of Tappert’s split-step PE model
and also undergoes revisions and improvements as determined by its developers. An
earlier version of MIPE forms the basis for the PESOGEN (PE Solution Generation)
system; this is a hardware-software combination designed to supply rapid PE
calculations and color graphics. OPTAMAS is a proposed tactical prediction system that
is based on the PESOGEN system and is now in the implementation phase. The objective
of the OPTAMAS system is to provide sensor placement and utilization guidance on a
tactical scale. Editors’ Note: Part 3 of these proceedings contains papers on the NAVY
STD PE model (Holmes and Gainey), on the MIPE model (N.—Phu, Smith, and Tappert),
and on the OPTAMAS system.

In the PE Workshop II the NAVY STD PE model was run using its operational parameters
and its results are fairly representative of “in-the-field” Navy predictions. The OPT
model was also run using its set of operational parameters which included several
time-saving trade—offs'. Its results are representative of the type of PE calculations that
would form the basis for “tactical decision aids.” The MIPE model users/developers
applied knowledgeable (nonoperational) selection of parameters in their use of the
model so that its results are representative of what the operational PE model could do
if operated in an unconstrained mode and by a knowledgable user.

Therefore, the PE models’ results for the 7 test cases presented in these proceedings
span the 3 categories—from re-earch PE models to field-operational PE models, and
several configurations in-between.

 The custodian of OPTAMAS did not change its operational parameters for the PE
Workshop II test case results nor did he change its reference distance to the distance of
1 m as was used by all other workshop contributors. He estimates that the results from
OPTAMAS will be approximately 2 dB re 1 m different from the results of the other
models in the PE Workshop II.
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TESTCASEL [ Joyd’s Mirror — Wide-Angle
Propagation

OBJECTIVE Determine the half-beamwidth propagation capability of the PE models.
The half-beamwidth propagation capability includes both the wide-angle capability
and the angular distribution of energy resulting from the starting field. It is the
maximum angle that can be used and still maintain accuracy.

BACKGROUND The Parabolic Equation (PE) model (Hardin and Tappert 1973) that
was introduced to the underwater acoustics propagation community in 1973 (Spofford
1973) could accurately include a 17° - 20° maximum angle of half-beamwidth
propagation. This original version of the split-step PE models has become known as
the “Standard PE” approximation.

In the early 198C’s this maximum angle of half-beamwidth propagation was extended
to approximately 40°. The finite-difference PE models accomplished this by using the
Claerbout wide-angle approximation (Claerbout 1976; Botseas et al. 1983). The
split-step PE models accomplished this by using the Thomson—-Chapman wide-angle
approximation (Thomson and Chapman 1983).

Currently there are PE model implementations (Collins 1988a; 1988b; 1988c) that
come very close to full 90° half-beamwidth propagation. The finite-difference and
finite-element PE models employ a high-order Padé approximant to accomplish this
wide-angle propagation.

THE TEST CASE PROBLEM To test the capabilities of these wide-angle PE
propagation models, a very simple Lloyd’s Mirror problem was selected as Test
Case 1. The problem consisted of a single fluid layer (half-space) with a
pressure-release surface and a constant sound speed of 1500 m/sec. The density is 1.0
g/cm3 and there is no attenuation. The fixed point depth (source depth) is 350 m
with a moving point depth (receiver depth) of 3990 m. The frequency is 40 Hz. Figure
2-1.0(a) gives a schematic drawing of the problem.

Range as a function of maximum launch angle is shown in Fig. 2-1.0(b) for the
surface reflected (SR) path and the direct (D) path propagation. It was obtained from
the geometry of the source and receiver in Test Case 1. A PE model’s wide-angle
capability can be established by noting the range where the PE model’s prediction
starts to agree with the reference solution. The corresponding angle in Fig. 2—-1.0(b) is
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Fig. 2-1.0 Environment for Test Case 1.

the maximum angle of propagation for that range. As an example of the usage of
Fig. 2-1.0(b), to include all of the pressure field at a range of 1 km from the source
(and at a depth of 3990 m) would require a PE model that can include a
half-beamwidth propagation in excess of 75°. This is indicated by the dashed lines in
Fig. 2-1.0(b).

THE REFERENCE SOLUTION An analytic reference solution was generated for
this Lloyd’s Mirror problem by using an image solution technique.

RESULTS AND DISCUSSION This problem is a good illustration of the expertise
required of the user. A starting field for the PE model must be chosen that represents
an acoustic point source in the near-field. The emitted acoustic field near the source
should be at least as wide in half-angle as the particular PE model will propagate. The
“tried and true” normal mode starting field cannot be used since the problem is a
half-space and thus has no trapped modes. The appropriate choice is an image starter.

The analytic reference solution is shown in Figure 2-1.1 along with the PE models’
predictions. The vertical axis is transmission loss (in dB re 1 m) and the horizontal
axis is range (in kilometers).
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All of the PE models used to solved Test Case 1 demonstrated the capability to
accurately propagate fields with half-beamwidths of greater than 70°. Impressively
some of the R&D PE models were capable of half-beamwidth propagation
approaching 90° and the operation-level PE model (NAVY STD PE) was in excess of
75° half-beamwidth propagation.

A closer examination of Fig. 2-1.1 using enlarged plots confined to the first 2 km in
range (and not shown here) showed the following details.

* The results for the FEPE model do not show prominently on plot (a) of Fig. 2-1.1
because they lay on the curve of the reference solution (i.e., they are in complete
agreement).

* The solution provided by the DREP model, shown in plot (b), reaches agreement
with the reference solution at a range of ~500 m, implying a >80° capability (see Fig.
2-1.0). The DREP model used in this test case is the Thomson split-step PE model with
the Thomson—Chapman wide-angle approximation.

* The SACLANT solution (plot (h)), which for this case is the Thomson-Chapman
split-step PE (T-CPE) and run by Finn Jensen, gives a perfect match to the reference
solution after ~1.5 km, implying a >65° capability.

* Overplots of results from the Navy Standard PE model (NAVY STD PE), the MIPE
model, and the PE model used in the OPTAMAS system (OPT) all compare well to the
reference solution. These three models have evolved from the original Tappert
split-step PE formalism. A visual comparison of the models’ results in Fig. 2-1.1
show that except for disagreement in the first ~700 m, MIPE matches the reference
solution very well. NAVY STD PE shows more loss as well as a range shift in the
position of the peaks and nulls. OPT also shows the same range shift problem as NAVY
STD PE with the additional feature of the “steps” in the curves. These “steps” are a
consequence of the system’s requirement to write the results in integer format rather
than floating point format. This is done to reduce the amount of computer storage
required.

* One comparison that is noteworthy is the two PE models based on the implicit
finite-difference method. IFDPE is the original version of the model developed by
Ding Lee. The IMPPE is a version of IFDPE that replaces the familiar PE false-bottom
treatment with an impedance boundary condition. In principle, when the impedance
boundary condition is properly applied, the results from the two models should be
virtually identical. The big difference is in the CPU runtime where IMPPE can execute
a problem in about half the time of IFDPE since the bottom layers can be replaced with
a single impedance layer and thus significantly reduce the depth that must be
considered.
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® The result from a non-PE model (labeled CU) is also shown in Fig. 2-1.1. A full
discussion of the technique behind this model can be found in the paper by Steinberg
and McCoy in Part 3. The model’s prediction had the right form, but due to an
arbitrary source strength, the dB level of the predictions differed from the reference
solution by a significant amount. Increasing the loss by a constant value of 32 dB
beyond the CU model’s predictions produces a quite respectable match with the
reference solution (as is shown in plot (i) of Fig. 2-1.1).

* Finally, as a result of the comparisons made at the workshop together with the
knowledge gained from this test case problem, the developers-custodians of the NAVY
STD PE model have improved the source algorithm to take full advantage of the PE
model’s capability. The new result for Test Case 1 from this revised version of NAVY
STD PE is shown in Fig. 2-1.1(j) and labeled as “New NAVY STD PE.” Closer
agreement with the reference solution now begins at a range less than 1 km. (Compare
this result with the earlier one shown in Fig. 2-1.1(d)). Comparison with the MIPE
result in Fig. 2-1.1(c) indicates that the NAVY STD PE model is close to equaling the
MIPE result. (The MIPE results could be viewed as the upper limit to what the
operationally constrained NAVY STD PE model might achieve.) This improvement in
the NAVY STD PE model is a direct result of the PE Workshop I1.

Test Case 1 examined the field out to a range of only 10 km. A small phase error as a
function of angle could still exist within the results shown in Fig. 2—1.1. Only at much
longer ranges would the cumulative effects of such an error be noticeable.

The PE models’ wide-angle capabilities with minimum phase errors (shown in Fig.
2-1.1) are valid for the simple homogeneous environment presented in Test Case 1. A
test of wide-angle capability with minimum phase error in a strongly refractive
environment would be a more difficult problem and the results from Test Case 1 may
not be illustrative of the performance of all PE models in such an environment.

SUMMARY All the PE models demonstrated the capability to accurately compute
propagation loss for half-beamwidth angles up to £75°, or better. The operational PE
models exceeded 75° while the R&D models approached full 90° propagation. Test
Case 1 has resulted in an improved starting field for the NAVY STD PE model.

FURTHER READINGS IN PART 3 For more in-depth discussions on the use of the
wide-angle approximation in the PE models, refer to the papers in Part 3 of these
proceedings. The paper, The Self-Starter by M. D. Collins, is devoted to starting fields
for the PE models. Two papers are devoted to the operational PE models and several
of the papers discuss the various research PE models.
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TestcasEz  Conservation of Energy in
Range-Dependent Propagation

OBJECTIVE Test the capability of the PE models to conserve energy in propagating
(“marching”) over range-varying bathymetry.

BACKGROUND Matching the boundary conditions in the horizontal direction (as a
PE model “marches” in range) requires continuity of the pressure field and of the
normal derivative of the pressure field (i.e., continuity of horizontal particle velocity).
However, a parabolic equation solution allows only one of these boundary conditions
to be satisfied. Experience has shown that the better result is obtained by matching the
pressures rather than the velocities.

The consequence of propagating (matching) only the pressure field as a PE model
marches in range is seen in range-dependent propagation, where the TL increases too
rapidly in going upslope, and decreases too slowly in going downslope. In an
upslope-downslope problem, the greatest inaccuracy occurs at the apex while the
upslope and downslope errors tend to cancel one another, often producing a
reasonably good result after the upslope-downslope propagation has been completed.

Recently an asymptotic correction to the energy conservation problem has been
developed. (Collins and Westwood 1991; Porter et al. 1991) The acoustic field
computed by the PE model is divided by (pc)'? (i.e., the square root of the impedance
given by the product of density and sound speed) when each environmental change
occurs. This dimensionally reduced field is matched at each range-step so that
inaccuracies caused by changes in density and sound speed are reduced.

THE TEST CASE PROBLEM This test case is an upslope-downslope propagation
problem that is an extension of the Acoustical Society of America’s (ASA) penetrable
lossy wedge benchmark problem (Felsen 1990; Jensen and Ferla 1990). This case is
designed to test how well the PE models conserve energy in a strongly
range-dependent environment. The symmetry of the problem is such as to test the PE
models for energy losses (and gains) on the upslope (and downslope) propagation. In
Test Case 2 there are initially three trapped modes that propagate upslope. The depth
at the shallowest point (25 m deep at a range of 3.5 km) was chosen because at that
depth, no trapped modes exist. Thus, 3 trapped modes initially propagate (at range
= (), are stripped—out such that no trapped modes are propagating at range = 3.5 m,
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CONSERVATION OF ENERGY IN RANGE-DEPENDENT PROPAGATION
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Fig. 2-2.0 Environment for Test Case 2.

and are reestablished in going downslope such that there are again three propagating
modes (at range = 7.0 m).

Figure 2-2.0 defines the gecmetry and physical parameters of the problem. Two
moving point (receiver) depths were selected for this test case. The first, at a depth of
20 m, passes just above the highest point of the ridge (by 5 m). The second receiver
point, at a depth of 150 m, actually cuts through ti:= ridge.

THE REFERENCE SOLUTION The reference solutions for this test case were
generated by Richard B. Evans using his coupled mode model, COUPLE (:Evans 1983;
1986). These results are shown in Figures 2-2.1 and 2-2.2 and labeled as “Ref.:
COUPLE.” The COUPLE model solves the nonhomogeneous Helmholtz equation (for
the acoustic pressure due to a point source on the axis) in the 2-D cylindrically
symmetric environment whose radial cross secti~n is shown in Fig. 2-2.0. (Implicit in
this description is the fact that solving the correct partial dif{erential equation with thz
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correct boundary conditions yields the unique solution.) COUPLE has been used to
provide the “correct numerical solution” at an ASA special session devoted to the
benchmark accuracy of ocean acoustic models (Felsen 1990; Jensen and Ferla 1990).

RESULTS AND DISCUSSION Figures 2-2.1 and 2-2.2 indicate that several of the
PE models had difficulty propagating up-slope, especially near the apex (at 3.5 km).
In the region over the apex and down-slope, only two of the PE models were able to
exactly match the reference solutions. (Refer to plots (a) and (b) of Fig. 2-2.1 for the
near surface receiver, and plots (a) and (b) of Fig. 2-2.2 for the deeper receiver.) The
least restricted of the operational PE models, MIPE, compared favorably to the
reference solution ‘refer to plot (c) of Fig. 2-2.1 for the near-surface receiver and plot
(c) of Fig. 2-2.2 for the deeper receiver.) The other operational models (NAVY STD PE
and OPT) were constrained to their operational parameters and did not compare as
favorably (refer to plots (d) and (g) of Fig. 2-2.1 and plots (d) and (f) of Fig. 2-2.2).

This Test Case produced another revision to the later version of the Navy Standard PE
model. (Refer to the discussion in Test Case 1 for a review of the first revision.) In
order to handle the shallow-water, sharp-density contrast at the apex of the wedge
bottom (at range = 3.5 km), the Navy Standard PE model required a “density
transition regior icagth” of one-half of its usual operational value. This smaller value
is now included as the default in the later version of the Navy Standard PE model. The
plots from NAVY STD PE given in Figs. 2-2.1 and 2-2.2 are from the later version.

A discussion of other observations from Test Case 2 follows:

* The significance of the errors produced by the “violation of conservation of energy”
can be illustrated by comparing Figs. 2.2.1(a) and 2.2.1(j) where the FEPE model with
the “energy conservation fix” is plotted against a version of FEPE without the
correction (labeled as NON EC FEPE). A similar illustration is given in Figs. 2-2.1(k)
and 2-2.2(k) where the results from the coupled two-way COUPLE model (which does
match both continuity conditions at vertical interfaces) is compared against the
uncouplea one-way version of COUPLE (which matches only one continuity condition
at vertical interfaces).

* In Fig. 2-2.1(j) the TL is too larg~ in going upslope and too small in goirg
downslope, with the greatest inaccuracy occurring at the apex (at range = 3.5 km), bui
the errors cancel one another at the base (i.e., at the downslope range of 7.0 km). The
upslope-downslope errors thus tend to cancel such that the reference TL and the
predicted TL actually coincide after 7.0 km. Such complete cancellation of errors can
be expected only in ideally symmetric problems as Test Case 2.

In Figs. 2~2.1(i), and 2-2.2(h), the SACLANT version of IFDPE (referred to here as
.‘DPE SAC) does not have an “encrgy conservation fix” and as a result it does not
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match the reference solution. The same holds true for the IFDPE results shown in Figs.
2-2.1(f) and 2--2.2(e).

* Results from the FEPE, DREP, and DREPS PE models coincide with the reference
solutions for both upper and lower receivers. These PE models use either the reduced
pressure field technique or the two-way PE approach.

¢ The IFDPE SAC predicts ~3 dB more loss at range = 3.5 km than the reference
solution indicates for the near surface receiver.

* The results from the two operationally configured split-step PE models (NAVY STD
PE and OPT) show a significant error in the region around the apex (in the 2.4 to
4.0 km range). The MIPE model seems to “recover” in the downslope region and gives
a reasonable fit to the reference solution. Recall that MIPE and NAVY STD PE
essentially use the same solution techniques, but that the NAVY STD PE model is run in
an operational mode (with fixed transform sizes) while the advanced version of the
MIPE model was used with the best possible choices for parameters and with the
knowledge of an expert who could choose the parameters to suit the physical
situation. Thus, the comparisons of Navy Standard PE and MIPE are a measure of how
well the operational PE model will perform in the field, and how well it might
perform in the hands of a very experienced and knowledgable operator.

* As might be expected, the results obtained from the IMPPE model (Fig. 2-2.1(e) and
Fig. 2-2.2(i)) and the IFDPE model (Fig. 2-2.1(f) and Fig. 2-2.2(e)) are identical in
their comparison to the reference solutions for both the upper and the lower receivers.
(Recall that the IMPPE model is just the IFDPE model with an impedance boundary
condition that replaces the customary IFDPE “deep false bottom termination” to the
computational grid).

* The effect of the impedance on the “energy conservation” can also be seen in Fig. 2—
2.2 where some of the PE models show significant disagreement with the reference
solution after the receiver crosses the interface from water into the sediment.

After Test Case 2 was completed, Ed Chaika of the AEAS program office inquired
about runtime versus accuracy for the R&D PE models, i.e. would it be possible to use
larger range-steps (Ar), larger grid separations (Az), etc., but maintain accuracy such
that the trade—off between runtime and accuracy could be highly favorable. Michael
Collins of NRL graciously agreed to provide an example. During one of the workshop
breaks he ran Test Case 2A on a VAX 8650 computer, adjusted the Ar and Az to
degrade the accuracy, and recorded the CPU runtimes. Column one of Table 2-2
refers to the particular plot shown in Fig. 2-2.3. Columns two and three give the
corresponding Ar and Az for each plot. Column four gives the runtime in seconds.
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Universal criteria for optimum selection of range and depth increments have not been
established. The results shown in Table 2-2 are for a simple, short-range problem.
Long-range propagation in complicated environments may produce entirely different
results. The significance is that some R&D PE models could be used operationally
without significantly reducing accuracy. Trade—offs between computational speed,
portability, and accuracy are of major concern to the Navy and was one of the
motivating factors for this workshop.

Table 2-2. Runtimes vs. Accuracy Parameters for Test Case 2A using FEPE

Ar(m) | Az(m) | Runtime (sec)

Figure

] 2-2.3(d)

SUMMARY The problems caused by not conserving energy (i.e., 